Introduction
This research is focused on developing financial instruments supporting activities within the framework of the Reducing Emissions from Deforestation and Forest Degradation Plus (REDD+) program. The basic idea of the program is that REDD+ would provide payments to jurisdictions (countries, states, or provinces) that reduce forest emissions below agreed-upon benchmark levels 2 . In a recent review [1] authors discuss the potential of REDD+ and show that there are many research needs and opportunities for ana-lyzing REDD+ policy designs at the global, national, and subnational levels including examining land use planning and other applications for ongoing REDD+ policy processes. The economic modeling tools provided in the literature reflect various REDD+ applications, and model the impacts of REDD+ at various scales and dimensions for scenarios of future CO 2 prices. The fixed market models are site-specific and mostly estimate the benefits of REDD+ for forests [2] . The partial equilibrium models are sector specific (forest, agriculture) and focus on particular regions, e.g. [3] , in long-term perspective 50-100 years. The general equilibrium models are economy-wide and nearer-term (e. g., 20 years) [4] . There are also integrated assessment models which link global economy and biophysical systems at a very long-run совремеННый иНструмеНтарий...
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(e.g., at least 100 years) [5] . The variety of models demonstrates the importance of the problem and necessity of developing tools which could allow implementing REDD+ in reality (REDD+ is further referred to as REDD for the sake of a simplified notation).
In our study, we investigate the problem on the firm level and consider a microeconomic setup with interaction of three players: forest owner, electricity producer, and electricity consumer. In the model, the regional electricity producer provides electricity to consumers by running its power plants which vary in the employed technology and costs. The company has market power, i.e. the ability to profitably shift prices above competitive levels by demanding a higher price than marginal cost, and sets the price for electricity according to the demand function of the consumers. The economic models of market power applied to the electricity markets are presented in part 4 of the book [6] . The reasons for market power in the electricity sector, as well as examples for several regions, are discussed in the international review of wholesale electricity markets and generator's incentives in [7] . In our study we model market power in order to link CO 2 prices with electricity prices, and, hence, CO 2 prices also impact the consumer. The electricity sector is implemented in various macroeconomic energy models which take into account the impact of CO 2 prices as well (see a recent review [8] ).
An important feature of our study is the shortterm analysis meaning that the electricity producer is restricted in his adaptation to uncertain CO 2 prices: the only options are to modify the production process using installed capacities, or raise electricity prices and use REDD certificates to offset emissions. This creates an incentive to buy REDD options to hedge now against uncertain CO 2 prices in the near future. We assume that the REDD mechanism supporting such activities exists [9] . On the supply side of the REDD market, we model the forest owner who decided to preserve the forest and sell respectively generated REDD offsets. Our study contributes to research on the potential of using REDD options in the energy sector (see for example [10] , where the real options framework is applied). The focus of our analysis is on how forest owner and electricity producer choose their fair prices for different amounts of REDD options. The fair REDD option price in the paper is understood in the sense of parties' indifference to whether engage in contracting a given amount of REDD options or not. The fair price of electricity producer (forest owner) means that for higher (lower) price the electricity producer (forest owner) will not want to engage in the contract. The idea of fair price is natural for the option trading. For example in Chapter 2 in [11] the author writes that "fair" (in the context of fair option price) means that the expected profit for both sides of the option contract is 0. Similar idea of fair price (rational cost) of options is developed in the study, toward the theory of pricing of options [12] .
The construction of fair prices in the model is based on the transparency of information concerning the emissions generated by the electricity producer under different CO 2 price scenarios and the technological process used in the production. We link decision-making of the electricity producer and the forest owner, and, hence, construct a supply-demand model for the REDD: fair prices for every amount of traded REDD options. Under assumption of perfect information, we prove the existence of the equilibrium amount of options for which the fair prices coincide.
The structure of the paper is the following. In the first part of the paper, we describe the basic model and solve it for the equilibrium electricity price in the region by cost-benefit analysis of the electricity generation in the absence of emission fee -zero CO 2 price. The analysis consists of optimizing a technological portfolio and choosing the aggregate production output in order to satisfy the hourly average demand profile, and to maximize aggregate profit. Technically, we formulate a nonlinear optimization problem and approximate it by the appropriate numerical algorithm making use of linear programming.
In the second part, we analyze the impacts of CO 2 prices on decision-making of the electricity producer who will modify technological mixes depending on the emission factors of technologies and the value of CO 2 price. We consider a shortterm period in which the electricity producer does not build new power plants and does not install abatement technologies such as carbon capture and storage (CCS) modules. The producer optimizes the technology mix in the production process and sets electricity prices for the consumers. Along these lines we show the impact of growing CO 2 prices on profits of the electricity producer, electricity prices for the consumer and emission levels. Thus, rather myopic behavior of a business sector is analyzed. Nevertheless, this is a reasonable approximation of reality where investments into power generation are costly and long-term, hence very inflexible offsets which can be used for hedging in the electricity sector. We model negotiations of the forest owner and electricity producer who choose the size of the option and the corresponding price under CO 2 price uncertainty. The forest owner keeps the forest and is paid for it through the REDD mechanism. The electricity producer is interested in buying REDD certificates to offset his emissions in the future when CO 2 prices are introduced. Thus, it is assumed that through the REDD mechanism the electricity producer can transparently choose the amount of certificates they want to trade today. For simplicity we do not consider transfer costs and reduce the problem to two groups, assuming that on the market they are the same on both sides. The problem is divided into two stages: at the first stage they fix an amount of options and the price, in the second they optimally use REDD options in the presence of uncertain CO 2 prices. The above formulation can be applied to a twostage stochastic programming problem with recourse, pioneered by Dantzig [13] . We provide an analysis of several instruments based on REDD offsets, and construct supply and demand curves for REDD. In the calculation of the expected payoffs needed for determining the fair prices, we assume that the forest owner knows that the electricity producer will maximize the expected profits with REDD options and can solve the same problem in order to calculate his expected payoff. As the fair price is defined based on expected profit value only and does not take into account e.g. a distribution tail, we implicitly assume that both electricity producer and forest owner are risk-neutral. We also do not include additional factors to the utility of the forest owner such as opportunity costs of the forest, etc., so that his payoff is only the income from REDD offsets. In this modeling framework we show that in the case when electricity producer and forest owner possess equal information about the CO 2 price distribution, the equilibrium quantity of REDD options exists and equals the minimum amount of emissions corresponding to the maximum CO 2 price in the given interval of the bounded discrete distribution. We show that larger amounts of options provide an increase in emissions, as well as decrease in the electricity prices, but in this case the fair price of the forest owner is higher than the price of electricity producer calling for the necessity of exogenous financial support to obtain those benefits for both electricity producer and consumer. Throughout the paper, we provide numerical results applied to the case study for the model of a region based on realistic data.
Model Setup
The model analyzes the decision-making of an electricity producer under constraints on the available technological capacities and the electricity demand of the consumers. The electricity producer has perfect information concerning the costs of his production technologies and the consumers' demand function. We consider the shortterm period when the capacity for each technology is fixed, i.e. the electricity producer operates his power plants and does not change their installed capacities. Variable costs of the electricity production are constant as we do not focus on feedbacks between electricity and fuel prices, i.e. spark spreads [14] .
The decision-making of the electricity producer consists of the following steps:
1. Choosing the load factors of his power plants in a way which minimizes the costs given an hourly electricity demand profile and installed technological capacities (lookup table).
2. Choosing an electricity price to maximize the profit based on the demand function indicating consumer's sensitivity to electricity prices.
3. Modeling with CO 2 prices. 4. Modeling with buying options on REDD offsets.
In this section, we sequentially formulate and solve two optimization problems arising in the steps 1-2. Throughout the paper, we provide numerical results for a case-study in order to illustrate the model. The case-study does not describe a real region of the world, but simulates an artificial region having realistic features in the framework of the model assumptions.
Optimal Mix of Technologies
A simple model of a power plant categorizes all costs into two components: fixed costs and variable costs [15] . Fixed costs include capital costs, taxes, insurance, and any fixed operations and maintenance costs that will be incurred even when the plant is not operated. Variable costs are the added costs associated with running the plant including fuel plus operations and maintenance costs. Technically, it means that the cost function for each technology in the model is linear with respect to the amount of generated electricity.
The technologies used by the regional electricity producer and their costs are taken from the book [15] . We choose technologies based on coal and gas (which generate CO 2 emissions) in order to provide an incentive for the producer to hedge against uncertain CO 2 prices [16] . In our example the regional electricity producer has power plants with the following technologies: coal (pulverized coal steam), combustion turbine (natural-gas-совремеННый иНструмеНтарий...
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fired) and combined cycle (CCGT). The corresponding fixed and variable costs, as well as the installed capacities, (in MW) for the case-study are presented in Table 1 . The total installed capacity is the maximum of electricity that the electricity producer can generate using his power plants with given technologies. The size of installed capacities is chosen to illustrate a model at a regional scale.
To construct an economically efficient production plan the electricity producer has to decide what combination of technologies to use during the day in order to satisfy the hourly demand profile. A demand profile for an average day of the year is depicted on Fig. 1 and illustrates the electricity consumption during each hour of the day. It is chosen to be consistent with the regional profiles provided in the literature [17] [18] [19] . The values are consistent with the installed capacities of the electricity producer. The hourly demand usually has peaks during the average day, which lead to a problem of choosing a rational combination of technologies in the production process. To simplify the case-study we take the hourly average demand as a fixed time slice and keep it the same for each day of the longer period, e.g. one year. This simplification allows us to link the hourly profile with aggregate demand, and to assume that the change in aggregate demand leads to the proportional shifts in every hour of the profile for an average day. This assumption seems to be a reasonable simplification in the short-term dynamics of the electricity production considered in the paper.
Let us denote the installed capacities by a i , i = 1, ..., N, where is the index of the technology, is the number of technologies, by the corresponding variable costs, and by d j , j = 1, ..., T, where index stands for the hour of the day, T = 24, the hourly demand profile. The fixed costs cannot be changed and we aggregate them in one variable summarizing all technologies denoted by TFC. Total fixed cost is used to calculate profits. The first optimization problem for the electricity producer is formulated as follows.
Problem 1a. Find hourly capacity factors x ij satisfying the daily demand d j with minimum production cost: 
subject to constraints:
Hourly capacity factors are the control variables in this problem. The solution to this linear programming problem for our case-study, N = 3, is presented on Fig. 2 . The plots indicate hourly capacity factors for each technology on an average day. Coal-fired plants are expensive to build, but relatively cheap to operate, so they should be run more or less continuously as base load plants. Single-cycle gas turbines are relatively inexpensive to build but expensive to operate. They are mostly used at peaking power plants, turned on only during periods of high demand. Combined cycle turbine has characteristics in between, and is used to cover the intermediate load.
Our model provides a higher level of abstraction than the unit commitment (UC) problem -an optimization problem used to determine the operation schedule of the generating units at every hour interval with varying loads under different constraints and environments [20] . Namely, we do not take into account such details as start-up and shut-down costs for individual units of the generator and additional constraints which lead to mixed-integer linear programming formulations. Also we simplify the model to the static case where the average daily demand is considered (not focusing on day-to-day market fluctuations). 
Market Power of the Electricity Producer
We assume that the electricity producer has market power in the region. There is evidence of regional market power in the electricity sector discussed in papers [7, 21] . This means that the electricity producer has the possibility of setting a price for electricity above their marginal cost [6] . In the model, the consumers respond to the change in electricity prices according to an aggregate demand function:
here P e denotes the electricity price, Q stands for aggregate electricity consumption, D(P) is the demand function.
Further, we assume that the hourly average demand profile is proportional to the aggregate demand, i.e. when the aggregate demand shifts from Q to Q * , the demand profile shifts accordingly for each hour:
where Y d stands for the number of days in the aggregation interval, e.g. one year. As we take it as an average profile we put Y d = 1 in the formulation of the optimization problems below. In order to find the optimal solution to the profit maximization problem, a monopolist first has to calculate his cost function, which is the minimum cost of producing every feasible output Q. The cost function C(Q) is generated by optimal mixes of technologies (solution to (1)-(2)) for the hourly average profile (time slice) d j corresponding to aggregate outputs Q (4). Given the cost function C(Q) the electricity producer with market power solves the second optimization problem.
Problem 1b. Choose the optimal aggregate output and set corresponding price to maximize the profit:
The demand function in the form of:
where A -positive constant, α -elasticity of demand, is used in the model. Thus, to calibrate the aggregate demand we apply the log-linear model that is most commonly employed in aggregate energy demand studies [22] , i.e. we use a constant elasticity demand curve. According to Bohi [22] there is no obvious evidence that the more complex forms of demand are superior. The log-linear specifications are preferred in the literature, because they can be adapted to sufficiently well reflect the demand and are implemented in a wide range of models. The coefficients of the aggregate demand function in our model are calibrated in such a way that a realistic electricity price of Europe 1 is achieved in the solution to an optimization problem (5) . For this purpose, one can apply the necessary condition for profit maximization: marginal cost equals marginal revenue [23] . On Fig. 3 the computed approximation of the marginal cost function for our case-study is presented, whose step-wise shape is generated by optimal technological mixes.
The parameters of the demand function (6), calibrated to achieve 90.5 e P = USD/M. What profit's maximum are estimated on the following levels:
The value of elasticity coefficient, |α| < 1, indicates that the demand function is inelastic. The plot of the profit function is presented in Fig. 4 and shows that it is a concave function with one maximum. Let us denote by Q 0 the profit maximizing quantity and by 0 j d the corresponding hourly profile. These values will provide the basis for the model development below and serve for comparison of outcomes. In our example the profit maximizing quantity is 0 100.47 Q = GWh, and the corresponding profit is ( ) 0 3.56 Q π = mln USD. Further, we will show how the electricity producer adjusts his technological mixes and sets the electricity price with respect to CO 2 prices, and compare the outcomes for different CO 2 prices. For this purpose, in the following section we provide the formal profit-maximization problem, and later approximate it by two step optimization algorithm similar to what we did in this section by solving sequentially Problems 1a-1b.
Modeling with CO 2 Prices
In this section we show how the optimal technology mix and electricity price will change in the presence of CO 2 prices. In this paper we assume that the electricity producer is emitting CO 2 and only consider such producers, i.e. the modeling described here is not applicable to those who have only carbon neutral technologies, e.g. hydropower or nuclear. The electricity production process provides an externality in terms of CO 2 emissions generated by fuels used in the production. The emission factors used to calculate tons of CO 2 equivalent per MWh of electricity production by each technology are based on [24] . Obviously, there is a range of values for each technology. For presently operating, coal-fired power plants the cumulative emissions range between 950 and 1250 gCO 2 eq/ kWh. The emissions from gas-fired power plants according to the literature range from 360 and 575 gCO 2 eq/kWh. In our study we take values from indicated intervals given in Table 1 .
The impact of CO 2 prices on the electricity generation can be estimated by an increase in the variable cost of each technology. Additional variable costs increase the cost of the aggregate production and impact the profits. Thus, the electricity producer will modify his strategy, to find an optimal response to any CO 2 price. As the electricity producer will also try to compensate loses by increasing electricity prices, the consumers will react by reducing the consumption according to their demand function. Let us denote emissions factors by ϵ i and CO 2 price by the symbol p c . In Table 2 
Here Q 0 is the optimal aggregate production in the absence of CO 2 price, and 0 j d is corresponding hourly profile (solution to Problems 1a-1b), i.e. they are solutions to Problem 2 when p c = 0. In this way we guarantee the consistency between Problems 1a-1b and 2.
Problem 2 is nonlinear due to the possibility of varying the production output in the inverse demand function
. In the next section a description of the numerical algorithm is provided. The algorithm allows us to solve numerically optimization problems arising further in the paper using the linear programming technique.
The Profit Maximization Algorithm
Let the feasible aggregate production outputs be given by K discrete value , 1,.., . 6 for nine discrete values of CO 2 prices from 0 to 80 USD per ton CO 2 . Obviously, the highest profit π(0) = π(p c = 0) = 3.56 mln USD and emissions level Ê (0) = 93 Mt CO 2 are achieved in the absence of CO 2 price. These values as well as production output decrease with respect to growing CO 2 prices. One can see that the electricity producer will transfer some of his loses from the CO 2 prices on customers -electricity price is growing from P e (0) = 90.5 USD/MWh to P e (80) = 204 USD/MWh. The minimum profit, production and emission levels are achieved at the maximum CO 2 price in the interval: π(80) = 0.07 mln USD, Q (80) = 26.66 GWh and Ê (80) = 8 Mt CO 2 .The nonlinearities of the optimal functions with respect to CO 2 prices are explained by the possibilities of switching between technologies which results in a nonlinear shape of the marginal cost function which is constructed for each CO 2 price.
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Instruments Supporting REDD
In this section, we model the fair prices of REDD options chosen by the forest owner and electricity producer. The fair REDD option price in the paper is understood in the sense of parties' indifference to whether engage in contracting a given amount of REDD options or not. Such notion of fair or rational price is similar to the one used in the theory of options trading [11, 12] . We assume that in the case of CO 2 prices appearing in the future the electricity producer may let the REDD offsets option contracts with forest owner. These REDD offsets are accepted in and, hence, are part of a bigger CO 2 market influenced by other players -on the demand (emitters) side -industries including steel, transportation, construction -and on the supply side -policymakers providing emission permits. In this wider market, those emitters who are able to efficiently reduce their emissions might sell some of their permits on the market. The simplifying assumption we make is that the REDD options contracts do not impact the «bigger» market, or their potential impact is included in the uncertain future CO 2 price.
Modeling of REDD Options under Uncertainty
In our model, the electricity producer and forest owner are both risk neutral -they do not have any risk preferences in terms of their utility functions, and thus we deal only with expected payoffs for each player. The future values of CO 2 prices are совремеННый иНструмеНтарий...
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uncertain, and for the simplified modeling we assume that the CO 2 price at the second stage is a random variable with the discrete distribution
stands for the probability of the CO 2 price .
c l p The interaction between the electricity producer and forest owner is split into two stages: 1) at the first stage the forest owner and electricity producer choose for any amount E 0 of REDD options the price of these options under CO 2 price uncertainty;
2) at the second stage they face a realization p c of previously unknown CO 2 market price and calculate their payoffs. The electricity producer can optimize their production and use the amount of options, they bought in the first period, to offset what they will emit, the rest must be returned to the forest owner at the negotiated price , 0 1,
In fact, electricity producer and forest owner get shares of the market price i.e. δ and (1 -δ) respectively, so that:
-If δ = 1, the electricity producer has a right to sell the option in the second period at the market price.
-If δ = 0, the electricity producer can only use REDD credits to offset the factual amount of their emissions and the unused credits are returned(without compensation) back to the forest owner i.e. no resale by electricity producer is possible on the market (as p δ = 0). -If 0 < δ < 1 the electricity producer faces a trade-off between emitting more and hence using more of the contracted REDD options for offsetting their emissions versus sharing the profit with the forest owner from selling the offsets at the market price.
By definition, for any amount E 0 of REDD options, the corresponding fair price of the electricity producer (or forest owner) should provide the same expected profit for electricity producer (or forest owner) as it would be without engaging into the REDD options contract, i.e. if forest owner were selling offsets on the market and if electricity producer were buying offsets on the market.
The modeled financial instrument has common traits with both traditional options and forwards, but is distinctive. It is an «option» in the sense that an emitter has the right (but not obligation) to use any amount of offsets not exceeding the contracted volume. It is a «forward» in the sense that there is no payment required upfront (only in the future) -so no price for the «option» as such. It has also the benefit sharing mechanism for not consumed offsets between the buyer and the seller, which does not directly relate to «option» nor «forward».
The existence of REDD options at the second stage of the model leads to modifications in the optimization of production costs (see the original formula in Table 2 ). Namely, the variable cost function changes in the following way:
where
meaning that the electricity producer can offset their emissions up to the amount E 0 by using REDD+ options, and the rest is sold to the forest owner at the price p δ . Hence, decision-making with REDD options consists in choosing between two alternative cost-minimization problems.
Problem 3.1. Minimize cost when emissions are higher than option E 0 : ( )
subject to constraints: ( )
24 0
Problems 3.1-3.2 present two option sat the second stage: to emit more than E 0 (the amount contracted via REDD options at the first stage) and then pay the market price for the excess of emissions, or to emit less than E 0 and receive the dis- counted price for the saved emissions. In the first case the forest owner does not receive any part of the REDD offsets back, in the second case the forest owner receives a part of the offsets and resells them at the market price. In other words, the electricity producer and forest owner share the income from unused options and their shares are determined by parameter δ. For any fixed value of E 0 , the Problem 3.1 always has a feasible solution, while problem 3.2 could be unsolvable for some values E 0 due to conflicting constraints on minimum production (14) and maximum emission (15) . In this case solution to Problem 3.1 is taken as the cost-minimizing solution. In the case when both problems have feasible solutions we choose the solution providing minimum cost:
by choosing between V 1 (10) and V 2 (13), and take the corresponding control variable (technological mix) as the optimal at the second stage. After constructing the modified costs V 0 at the second stage for a fixed value of E 0 , the electricity producer solves profit-maximizing problem following steps 2-5 in the algorithm described in section 2.1.
The Fair Prices of REDD Options
In this section, we provide a formal definition of the fair prices of REDD options which are determined by the expected payoffs of the electricity producer and forest owner. We assume that they both have perfect information about the technological capacities and costs, i.e. the forest owner knows that the electricity producer will solve the optimization problem discussed in the previous section and possesses the data to solve the same problem. Given that the electricity producer and forest owner face the same distribution of the CO 2 price at the second stage, they solve the same optimization problem, but with different focuses. While the electricity producer is interested in the expected profit, the payoff of the forest owner is based on the expected emissions returned by the electricity producer at the second stage. Let us note that we are not taking into account additional factors in the payoff of the forest owner, e.g. opportunity costs from the cutting and selling the forest, etc. It could be the case that those costs are not comparable with the benefits from REDD or the forest owner decided to keep the forest exclusively for the REDD offsets. The described framework allows us to construct the demand and supply curves for REDD options: fair prices for each amount of options, and find the equilibrium quantity where the curves intersect. (9)). These values are calculated according to the algorithm described in the Section 2.1 with modifications in step 1 which should take into account the procedure of cost minimization with REDD options (16) . In the Table 3 one can find formulas for the corresponding expected values which are used in the model with uncertainty. The electricity producer wants his expected profit to stay the same no matter if he buys options or not. Denoting his desirable price by the symbol p G , one gets the following equation:
The forest owner has two alternatives: 1. do nothing in the first period and sell the amount E 0 in the second period at theexpected market price ; c p 2. sell the amount E 0 at price p F in the first period, buy the expected amount E t at price δp c and resell it at the market price in the second period.
Based on the desired equivalence of those two alternatives, the fair price for the forest owner p F is determined by the equation:
Based on the equations (17)- (18) one can formulate the definition for fair prices.
Definition. For a given discount , 0 1, δ ≤ δ ≤ andamount of options E 0 the fair prices for the electricity producer p G and forest owner p F are calculated as follows: 
One can see that fair prices are calculated differently: the electricity producer is interested in its expected profits while the forest owner takes care of the emissions expected to be returned back to them in the second period (as they determine their profits). An important parameter in the formulas is the amount of contracted options E 0 , which determines the corresponding fair prices. Finally, for the fixed parameter δ, the equations (19)- (20) represent demand and supply curves for REDD options.
Modeling Results
Experiments are carried out for the discrete approximation of a uniform price distribution: ( ) 10 1
The range of prices, M = 9, is taken from modeling results in Section 2. Sizes of REDD-based option contracts used in the model are taken from the range determined by the optimal emissions generated by the electricity producer: from 8 Mt CO 2 to 83.5 Mt CO 2 (see Fig. 6 ).Below we consider different values of parameter δ which determines the proportion ofsharing the CO 2 price.
The supply-demand curves for REDD options are presented in Fig. 7 . They show that if both electricity producers and forest owners have a common view on the distributions of future CO 2 price, the equilibrium quantity exists, which corresponds to the minimum emissions of the electricity producer expected at the second stage. This amount corresponds to the maximum expected CO 2 price -the right-hand side boundary of the discrete CO 2 price interval Ê (p c = 80) = 8 Mt CO 2 . The equilibrium fair price in this case is the mean expected market price p F = p G = p c = 40 USD/ton. For any amount of options larger than the minimum value, the fair price of the forest owner (20) is higher than the fair price of the electricity producer (19). The magnitude of the gap between fair prices depends on the value of the parameter δ: for larger δ the gap is smaller. If δ = 1, the forest owner and electricity producer will always negotiate the same price p F = p G = p c , as in this case it effectively implies the possibility to sell any amount of offsets at the market price at the second stage by any party. The equality also follows from the equations (19)- (20) . This is a degenerate case in the sense that the technology mixis not affected as well as the electricity prices for the consumer.
On Fig. 7 (lower panel), we show the expected percentage of unused REDD offsets that are sold on the market by the electricity producer for selected values of δ when the producer initially purchases a certain amount at their respective fair price. The higher the share δ of the electricity producer in the profit from selling those offsets on the market is, the more he decides to not use them for his own emissions offsetting and sells them instead at the second stage. When parameter δ equals zero, the electricity producer does not return any of options to the forest owner.
In Fig. 8 and Fig. 9 , one can see the impact of options on the expected electricity prices and emissions with respect to the amount of contracted REDD-based options for δ = 0.5. Results show that in the case of larger amounts E 0 > 8 Mt CO 2 of REDD-based options the electricity producers will increase their expected emissions (keeping their expected profits on the same level), and by doing so will be able to reduce the electricity price. For example, if the electricity producer could buy REDD options of the volume 83.5 Mt CO 2 for his fair price p G = 28.87 USD/ton (which is less than p F = 33.11 USD/ton, see Fig. 7 ), then the expected emissions would be 67.56 Mt CO 2 instead of 43.38 Mt CO 2 , (Fig. 9 ) and the expected electricity price would be 115.8 USD/MWh versus 147.3 USD/MWh (Fig. 8) . Apparently, somebody would have to pay for this positive effect (for electricity consumer) as the fair prices of the forest owner are higher than what producer is willing to pay (see Fig. 7 ). 
Conclusions
In this paper, we proposed a partial equilibrium microeconomic model of the interaction of the electricity producer, forest owner and electricity consumer. We illustrated how the optimal decision of the electricity producer changes in the short term when a CO 2 price for emissions is introduced. The electricity producer adjusts its capacity factors of technologies, reduces the production and partially delegates the CO 2 price to the consumer by charging a higher electricity price. Due to the nonlinearities in the marginal cost function constructed for each CO 2 price the dependencies of the optimal profits, emissions and electricity prices with respect to growing CO 2 prices are nonlinear. In order to introduce the potential role of REDD as a hedging instrument we consider a two stage stochastic optimization model with uncertainty about future CO 2 prices. We analyze negotiations of the forest owner and electricity producer on the amount of REDD-based options and their fair prices under assumption of fully open in- formation on profits/emissions of producer and a common view on a future CO 2 price distribution. To construct supply-demand curves for REDD options we employ a uniform distribution of the CO 2 price. We show that there is an equilibrium quantity for which fair prices coincide -the supply and demand curves intersect. For larger amounts of options higher emissions can be generated by the electricity producer leading to lower electricity prices for consumers. These positive impacts need additional money to fill in the gap between fair prices of forest owner and electricity producer.
Further possible developments of the study are connected with implementation of additional factors into the model. Namely, additional procedures can be implemented to calculate the costs of electricity production which are based on the fuel prices. The green energy companies as well as nuclear generators influencing the electricity price can also be implemented in the model. From the electricity demand side one can investigate the possibility of a dynamic hourly demand with the market power of the producer at particular hours in order to avoid the assumption of proportional changes. Also feedbacks on the consumer side can be analyzed, e.g. demand response to electric cars, green technologies, etc. The latter are connected with extending the model to a long-term analysis. One should also mention that the use of variable costs and emission factors in the study provides the flexibility for implementing various technologies into the model.
In the model of fair prices, and corresponding supply and demand curves for REDD options one could introduce a more sophisticated utility of the forest owner, e.g. including forest management costs, etc. Further model developments could be made by introducing heterogeneous forest owners and electricity producers. One could also perform the sensitivity analysis with respect to different distributions of CO 2 prices and consider the cases when the electricity producer and forest owner face different distributions. The model with two different electricity producers and forest owners could already lead to interesting problems of searching for the equilibrium fair prices.
Although the current mode is based on several simplified assumptions, from the methodological point of view it provides useful insights and creates the basis for future research. The results provided in the paper are consistent with the literature on modeling the electricity sector and REDD. They propose a relevant financial instrument contributing to the REDD mechanism. This instrument is flexible enough due to possibility of sensitivity analysis with respect to the parameter δ ∈ [0, 1]. It supports REDD, and provides a potential for reducing risk -softens CO 2 price impacts on regional electricity producers and consumers.
